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Combination Therapy With CD147-Targeted Nanoparticles
Carrying Phenformin Decreases Lung Cancer Growth

Andreia Pereira-Nunes, Helena Ferreira, Sara Abreu, Marta Guedes, Nuno M. Neves,
Fátima Baltazar, and Sara Granja*

Lung cancer is one of the most fatal cancers worldwide. Resistance to
conventional therapies remains a hindrance to patient treatment. Therefore,
the development of more effective anti-cancer therapeutic strategies is
imperative. Solid tumors exhibit a hyperglycolytic phenotype, leading to
enhanced lactate production; and, consequently, its extrusion to the tumor
microenvironment. Previous data reveals that inhibition of CD147, the
chaperone of lactate transporters (MCTs), decreases lactate export in lung
cancer cells and sensitizes them to phenformin, leading to a drastic decrease
in cell growth. In this study, the development of anti-CD147 targeted
liposomes (LUVs) carrying phenformin is envisioned, and their efficacy is
evaluated to eliminate lung cancer cells. Herein, the therapeutic effect of free
phenformin and anti-CD147 antibody, as well as the efficacy of anti-CD147
LUVs carrying phenformin on A549, H292, and PC-9 cell growth, metabolism,
and invasion, are evaluated. Data reveals that phenformin decreases 2D and
3D-cancer cell growth and that the anti-CD147 antibody reduces cell invasion.
Importantly, anti-CD147 LUVs carrying phenformin are internalized by cancer
cells and impaired lung cancer cell growth in vitro and in vivo. Overall, these
results provide evidence for the effectiveness of anti-CD147 LUVs carrying
phenformin in compromising lung cancer cell aggressiveness.

1. Introduction

Lung cancer remains the most commonly diagnosed and most
fatal cancer worldwide. In 2020, GLOBOCAN estimated 221 mil-
lion new lung cancer cases with 1.80 million deaths per year.[1]

Surgical resection, chemotherapy, and/or radiotherapy are the
standard of care treatments for localized and metastatic lung
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tumors. The unsatisfactory therapeutic
specificity and efficiency of these thera-
pies, together with the severe off-target
effects, led to the emergence of targeted
therapies and immunotherapies.[2] De-
spite significant improvements in clinical
outcomes, long-term disease control only
occurs in a minority of patients. Lung
cancer represents a high burden for so-
ciety and the increasing number of new
cases (3.50 million) and related deaths
(2.94 million) projected for 2040 urges
the need for new effective therapeutic
options.[1] Therefore, the development of
novel therapeutic strategies is imperative
to improve site-specific drug delivery, en-
hance drug load in tumors, and diminish
treatment-associated side effects.[3]

Liposomal drug delivery systems have
been extensively exploited to overcome or
at least minimize the drawbacks of con-
ventional cancer therapies. Interestingly,
a number of liposomal formulations has
been approved or is undergoing clini-
cal trials for the treatment of various tu-
mors, including lung cancer. Indeed, the

non-toxic, biodegradable, and biocompatible nature of lipo-
somes makes them excellent therapeutic carriers.[4] Liposomes
are nanosized lipid bilayered vesicles that can entrap water-
soluble and lipid-soluble drugs in the aqueous central part and
in the lamellae, respectively.[5] They can be surface modified
with polyethylene glycol (PEG)-like polymers to augment their
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stability, reduce their uptake by the mononuclear phagocytic sys-
tem, and prolong their time in circulation.[6] Moreover, lipo-
somes can be conjugated with targeting moieties, such as an-
tibodies, to specifically target tumor cells expressing the corre-
sponding receptors; and therefore, the controlled and sustained
release of the encapsulated drugs will occur at the diseased
site.[7]

CD147 (also known as basigin of EMMPRIN) is a trans-
membrane glycoprotein highly expressed on the surface of
tumor cells.[8] CD147 plays pleotropic roles in cancer: it stim-
ulates the production of matrix metalloproteinases (MMPs)
and vascular endothelial growth factor (VEGF) to promote
tumor invasion and angiogenesis; it stabilizes the formation of
multiprotein complexes containing drug transporters that drive
multidrug resistance; and it regulates the expression and activity
of monocarboxylate transporters (MCTs) 1/4 to export proton-
coupled lactate derived from glycolysis, acidifying the tumor
microenvironment.[9–11] Moreover, this glycolytic–acidic resistant
phenotype of tumor cells is further increased under hypoxic con-
ditions due to the upregulation of CD147, MCT1, and MCT4. In
fact, it was reported that MCT4 and CD147 are transcriptionally
activated by HIF-1𝛼 in response to hypoxia, whereas MCT1 ex-
pression is increased in a HIF-1𝛼 independent way.[12–14] Thus,
CD147 has been identified as an attractive target for cancer
therapy.

Previous results from our group showed that CD147 KO lung
cancer cell lines exhibited a lower expression and activity of
MCT1 and MCT4. Hence, these cells showed a decrease in lac-
tate export, a decreased glycolysis activity, and a higher respira-
tory rate. This study also demonstrated that CD147 plays a cru-
cial role in the control of lactate export and glycolysis rate in lung
cancer cells, and targeting this protein sensitizes tumor cells to
mitochondrial inhibitors, namely phenformin.[15]

Phenformin is a biguanide drug used clinically for the treat-
ment of type II diabetes.[16] However, its association with lac-
tic acidosis prompted the withdrawal of phenformin from the
market.[17] Phenformin-associated lactic acidosis is linked to its
lipophilic structure that enables phenformin to cross biological
membranes through passive diffusion, reaching/accumulating
in the mitochondrial matrix, and inhibiting the respiratory com-
plex I.[18–20] Nonetheless, recent studies have demonstrated that
phenformin has potent anti-neoplastic effects on several types of
cancer. Indeed, phenformin presents ability to inhibit cell pro-
liferation, invasion and angiogenesis, induce cell cycle arrest and
cell apoptosis, and more importantly, decrease tumor growth and
metastasis.[19,21] In this regard, phenformin can be a promising
anti-cancer agent for lung and other cancers.[22,23]

Based on the above observations, we hypothesized that for-
mulating phenformin inside liposomes would enhance the anti-
cancer therapeutic efficacy of phenformin at lower doses and re-
duce its side effects. Furthermore, by coating these liposomes
with an anti-CD147 monoclonal antibody, we selectively targeted
cancer cells, reduced the systemic effects of phenformin, and
compromised CD147 function. Hence, this work envisioned the
development of CD147-targeted liposomes carrying phenformin
and the evaluation of their anticancer potential, which was as-
sessed using in vitro and in vivo lung cancer models.

2. Results

2.1. CD147 Expression in Human Lung Cancer Cell Lines

We first investigated the expression of CD147 and lactate trans-
porters MCT1/4 in A549 and H292 lung cancer cells in nor-
moxia and hypoxia conditions by Western blot and immunofluo-
rescence. The results showed that all proteins are expressed in
the cytoplasm and at the plasma membrane of A549 WT and
H292 cells; whereas in A549 CD147KO cells, the expression of
MCT1/MCT4 and CD147 was negligible. Therefore, the KO cells
were used as negative control. As expected, higher expression lev-
els of MCT1 and MCT4 were observed under hypoxia compared
to normoxia (Figure 1).

2.2. Cytotoxicity of Free Phenformin in Lung Cancer Cells

Before incorporating phenformin into functionalized liposomes
with anti-CD147 Ab, preliminary studies were performed to as-
sess the sensitivity of lung cancer cells to phenformin and to as-
sess the anti-CD147 Ab specificity and capacity to inhibit CD147
function.

First, we evaluated the effect of free phenformin in the viability
of A549, H292, and PC-9 lung cancer cells by sulphorhodamine
B assay. All cell lines showed high sensitivity to phenformin
in a dose-dependent manner, with H292 cells being slightly
more sensitive than A549 and PC-9 cells (Figure 2a; Figure S1a,
Supporting Information). Furthermore, and to validate the anti-
cancer effect of phenformin, we tested its impact on 3D-spheroid
tumor models because they better reflect the in vivo microen-
vironment in terms of nutrients, oxygen gradients, and cell–
cell interactions.[24] In accordance with the results observed in
Figure 2B, phenformin was able to significantly decrease A549
and H292-tumor spheroid growth.

2.3. Effect of Anti-CD147 Ab on Lung Cancer Metabolism and
Invasion

Next, we adressed the specificity of the selected anti-CD147
Ab (i.e., Leaf Purified Anti-Human CD147 antibody) to target
CD147 on lung cancer cells. For that purpose, we incubated
A549 WT and CD147KO cells with the neutralizing antibody
overnight; and then, the expression of CD147 was analyzed by
immunofluorescence. The results revealed that the anti-CD147
Ab was specific for CD147 because it recognized this protein in
CD147-expressing cells and not in CD147KO cells (Figure 3a).
We further selected a range of antibody concentrations that
would not compromise cell viability by toxicity. Thus, increasing
doses of an isotype control antibody were tested in A549 WT,
A549 CD147KO, and H292 cells and no cytotoxic effects were
observed between 10 and 300 ng mL−1 (Figure 3b). Therefore,
we next incubated these lung cancer cells with the anti-CD147
Ab, at non-toxic concentrations, to study its effect on cell
viability.

As shown in Figure 3c, the anti-CD147 Ab did not compro-
mise cell viability in all cell lines. Although no effects on cell

Adv. Biology 2023, 7, 2300080 © 2023 Wiley-VCH GmbH2300080 (2 of 12)

 27010198, 2023, 7, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adbi.202300080 by E

stsp Politecnico D
o Porto, W

iley O
nline L

ibrary on [13/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advanced-bio.com

Figure 1. Protein levels and cellular localization of CD147, MCT1, and MCT4 in lung cancer cell lines. a) Western blot and b) immunofluorescence
staining of CD147 and MCT1/4 in A549 WT, A549 CD147KO (−/−), and H292 cells exposed to normoxia (N) or hypoxia (H) for 24 h. The numbers below
indicate the protein quantification of each blot normalized to 𝛽-Actin. 200× magnification (DAPI, blue – nuclei; Red – CD147, MCT1, or MCT4); Scale
bar: 50 μm.

viability were found, we quantified the extracellular lactate levels
in antibody-treated cancer cells in order to understand whether
anti-CD147 Ab could disrupt CD147 function as MCT1 and
MCT4 chaperone; and consequently, compromise lactate export.
We verified that none of the concentrations tested were able to
decrease the lactate release from lung cancer cells (Figure 4a),
suggesting that perhaps, this antibody could be acting in another
Ig-domain epitope of CD147 that would not interrupt its interac-
tion with MCTs.

Previous studies reported that mono- and polyclonal antibod-
ies against CD147 were able to decrease MMP secretion; and con-
sequently, cancer cell invasion. Therefore, we went to explore the
impact of anti-CD147 Ab on CD147 activity as a MMP-inducer.
For that purpose, we generated A549 WT, A549 CD147KO, and
H292 3D-cell spheroids; and then, incubated them on matrigel
containing the anti-CD147 Ab. This antibody demonstrated to be
able to inhibit the invasiveness capacity of A549 WT cells contrar-
ily to A549 CD147KO cells. Although no significant results were
found for H292 cells, a trend decrease was noted on cell invasion
upon anti-CD147 Ab treatment (Figure 4b).

2.4. LUVs Size Distribution and Zeta-Potential

LUVs incorporating or not incorporating phenformin were char-
acterized in terms of size, PDI, and zeta-potential. Table 1
presents the hydrodynamic diameter based on the intensity size
distribution (Figure S1b, Supporting Information) and shows
that LUVs incorporating or not incorporating phenformin pre-
sented similar sizes. The size was 153.9+ 5.3 nm for empty LUVs
and 158.4 + 8.1 nm for liposomes encapsulating phenformin.
The PDI values were lower than 0.2, indicating the homogeneity
of the LUVs populations in terms of size. Zeta-potential measure-
ments revealed that LUVs presented a negative surface charge
(−23.6 ± 3.7 mV and −28.5 ± 4.3 mV for empty liposomes or
with phenformin in their composition).

2.5. Anti-Cancer Activity of LUVs Carrying Phenformin

As previously mentioned, the lung cancer cell lines used in this
study were sensitive to phenformin. However, it was shown that
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Figure 2. Effect of phenformin in 2D and 3D-lung cancer cell growth. a) A549 and H292 cell viability was assessed by SRB assay at 24, 48, and 72 h
incubation with increasing concentrations of phenformin (0.01–4 mm). Results were normalized to the control (DMEM 1% FBS). b) 3D-spheroid growth
was analyzed after treatment with DMEM 10% FBS (Ctrl), 2 or 1 mm of phenformin (nspheroids = 8 per condition). Images were taken at 40× magnification
using the Olympus IX51 microscope. Scale bar: 100 μm. Results are represented as mean ± SEM of at least three independent experiments (****p <

0.0001).

free phenformin on the human body induces severe side effects,
such as lactic acidosis.[25] Therefore, we aimed to develop anti-
CD147 liposomes carrying phenformin to specifically introduce
this drug in highly CD147-expressed cancer cells and, in this way,
reduce the side effects of phenformin. As a first approach, we
tested the concentration at which liposomes would not be toxic
for A549 and H292 cells. The results showed that at least up to
2 mm, liposomes did not have toxic effects to the cells (Figure S1c,
Supporting Information). Therefore, we next evaluated the ef-
fect of 1 mm of LUVs carrying ≈500 μm of phenformin on A549,
H292, and PC-9 cell viability by SRB assay. As shown in Figure 5a,
liposomes carrying phenformin significantly decreased the cell
viability of the three cell lines.

Following these results, we went to verify whether the amount
of phenformin loaded in the nanocarriers was able to inhibit
the oxidative phosphorylation (OXPHOS); and consequently, in-

crease glycolytic flux and lactate production in A549 and H292
cells. The data showed that phenformin-loaded liposomes led to
increased lactate production in both cell lines, suggesting that
phenformin was, indeed, inhibiting the complex I of the respira-
tory chain and shifting cell metabolism to glycolysis (Figure S1d,
Supporting Information). Regarding 3D-cell culture models,
1 mm of LUVs carrying 500 μm of phenformin was able to sig-
nificantly decrease A549, H292, and PC-9 3D-spheroid growth
(Figure 5b).

2.6. Internalization of Anti-CD147 LUVs

Upon optimization of the concentration of LUVs incorporating or
not incorporating phenformin, anti-CD147 LUVs carrying phen-
formin were produced. In order to study whether the liposomes
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Figure 3. Anti-CD147 Ab effect on lung cancer cell viability. a) Immunofluorescence analysis of CD147 in A549 WT and A549 CD147KO(−/−) cells treated
with the anti-CD147 Ab. 200× magnification (DAPI, blue – nuclei; Green – CD147). Scale bar: 50 μm. b) Increasing concentrations of Isotype Ctrl Ab
(10–1000 ng mL−1) and c) anti-CD147 Ab (100–300 ng mL−1) were given to A549 WT, A549 CD147−/−, and H292 cell lines, and cell viability was assessed
by SRB assay after 24 h. Results are represented as mean ± SEM of at least three independent experiments.

would be able to permeate a tumor mass and enter into lung
cancer cells, the generated A549 3D-spheroids were treated with
1 mm of anti-CD147 LUVs. After 10 days, we collected these
spheroids for further immunofluorescence analysis. Using con-
focal microscopy, we confirmed that these nanocarriers internal-
ized the 3D-spheroid tumor mass and reached the cytoplasm of
A549 cells (green staining). The anti-CD147 Ab was retained at
the cell surface of the peripheral cells of tumor spheroids (red
staining) (Figure 6a).

2.7. Impact of Anti-CD147 LUVs Carrying Phenformin on Lung
Cancer Cell Growth In Vitro

We next tested the impact of 1 mm of anti-CD147 LUVs carry-
ing 500 μm of phenformin on 2D and 3D cancer cell growth
of A549 and PC-9 cells. The results obtained demonstrated
these nanocarriers were able to significantly decrease lung
cancer cell viability (Figure 6b). Moreover, A549 and PC-9 3D-
spheroid size was significantly reduced after 10 and 11 days of
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Figure 4. Anti-CD147 Ab effect on lung cancer cell metabolism and invasion. a) Extracellular lactate was quantified in A549 and H292 cells after 24 h
of incubation with Isotype Ctrl and anti-CD147 antibodies (50–300 ng mL−1) under normoxic or hypoxic conditions. Results were normalized for the
total biomass. b) Cell invasion was assessed in A549 WT, A549 CD147−/−, and H292 3D-spheroids after 24 and 48 h of incubation with and without
300 ng mL−1 anti-CD147 Ab (nspheroids = 5 per condition). 40× magnification. Scale bar: 10 μm. Results are represented as mean ± SEM of at least three
independent experiments (**p < 0.01).
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Figure 5. Effect of liposomes carrying phenformin on 2D and 3D-lung cancer cell growth. a) Cell viability after 24 h treatment with LUVs or LUVs
carrying phenformin (500 μm). b) 3D-spheroids growth was analyzed after treatment with LUVs or LUVs carrying phenformin (500 μm) (nspheroids = 8 per
condition). A549 and H292 3D-spheroid images were taken at 40× magnification (Scale bar: 100 μm) and PC-9-spheroids (Scale bar: 200 μm). Results
are represented as mean ± SEM of at least three independent experiments (*p < 0.05; ****p < 0.0001).

Table 1. Size, PDI, and zeta-potential of LUVs incorporating or not incor-
porating phenformin.

Formulation Size [nm] PDI Zeta-potential [mV]

LUVs 153.9 + 5.3 0.15 + 0.02 −23.6 + 3.7

LUVs + phenformin 158.4 + 8.1 0.18 + 0.01 −28.5 + 4.3

Values are reported as average ± SD of three independent measurements.

treatment with anti-CD147 LUVs with phenformin, respectively
(Figure 6c).

2.8. In Vivo Anti-Cancer Efficacy of Anti-CD147 LUVs Carrying
Phenformin

Last, the in vivo anti-cancer efficacy of anti-CD147 LUVs carrying
phenformin was tested using the chicken embryo chorioallantoic
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Figure 6. Internalization of Anti-CD147 LUVs with phenformin and their impact on lung cancer cell growth in vitro and in vivo. a) A549 3D-spheroids
treated with 1 mm of anti-CD147 LUVs. Images were taken at the identified magnifications using the Olympus FLUOVIEW FV1000 confocal laser scanning
microscope (DAPI, Blue – nuclei; NBD-cholesterol, Green – LUVs; Alexa Fluor 594, Red – anti-CD147 Ab). b) A549 and PC-9 cell viability upon treatment
with LUVs or anti-CD147 LUVs carrying 500 μm of phenformin for 24 h. c) 3D-spheroid growth after treatment with LUVs or anti-CD147 LUVs carrying
500 μm of phenformin (nspheroids = 8 per condition). d) Anti-cancer effect of LUVs (neggs = 9) or anti-CD147 LUVs carrying 1000 μm of phenformin (neggs
= 11) in A549 lung tumor growth. Representative images of CAMs were taken using a stereomicroscope, at day 13 and day 17 in ovo (Scale bar: 2 mm)
and ex ovo (Scale bar: 1 mm). e) Representative pictures of Ki67 staining and the respective quantification of CAM tissues treated with 2 mm of LUVs
or anti-CD147 LUVs carrying phenformin. Results are represented as mean ± SEM of at least three independent experiments (*p < 0.05; **p < 0.01;
****p < 0.0001).

Adv. Biology 2023, 7, 2300080 © 2023 Wiley-VCH GmbH2300080 (8 of 12)
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membrane (CAM) model. The data showed no differences be-
tween vehicle and LUVs-treated groups (data not shown). Impor-
tantly, and as shown in Figure 6d, A549 lung tumors treated with
2 mm of anti-CD147 LUVs carrying 1000 μm phenformin pre-
sented lower tumor perimeters than LUVs-treated tumors. More-
over, the number of cells expressing Ki-67, a proliferation marker,
significantly decreased in A549 lung tumors treated with 2 mm of
anti-CD147 LUVs carrying 1000 μm phenformin when compared
with the control group (Figure 6e).

3. Discussion

Lung cancer is the leading cause of cancer-related death
worldwide.[26,27] Although the development of personalized ther-
apies for specific molecular targets has helped to improve the
survival of the patients, the overall 5-year survival rates remain
poor.[28] Therefore, the search for new therapeutic targets and fur-
ther advances in lung cancer treatments are needed.

Most cancers, including lung malignancies, are characterized
by an exorbitant glycolytic phenotype to generate energy and
metabolic intermediates, even under high oxygen tension.[29]

This metabolic reprogramming was associated with tumor ag-
gressiveness, namely acidity, invasion, and metastization.[30] Sev-
eral therapies targeting the glycolytic pathway have already en-
tered in clinical trials; however, the high plasticity of tumor cells
remains a hindrance.[31] Therefore, it is crucial to develop po-
tent anticancer drugs that will inhibit more than one bioenergetic
pathway.

Recently, our group demonstrated that knockout of CD147 in
lung cancer cell lines impaired the glycolytic metabolism and
shifted cell metabolism into OXPHOS, which ultimately sensi-
tized these cells to phenformin.[15] This drug belongs to the fam-
ily of biguanides, a class of anti-diabetic drugs. The anti-tumor
activity of these drugs has been already studied in several types of
cancer. Phenformin has been found to possess more potent anti-
tumor activities than metformin; however, the high incidence of
lactate acidosis associated led to its discontinuation as a diabetic
drug.[25,32]

In the last years, nanotechnology has gained increased atten-
tion and several nanocarriers were approved or are undergoing
clinical trials for cancer treatment, including lung cancer.[33,34]

Within nanocarriers, liposomes have been the most widely ap-
plied clinically, owing to their size, biodegradable, and biocom-
patible composition.[4,35] Several reports have suggested that
by incorporating the desired chemotherapeutic agent into lipo-
somes functionalized with tumor-targeting ligands, the adverse
effects of conventional chemotherapeutics can be substantially
ameliorated, and the intracellular uptake is increased.[36–38]

In this regard, we hypothesized that formulating phenformin
into liposomes would enhance its anti-cancer effect and reduce
its off-target effects. In order to augment their selectivity to tumor
cells and avoid a systemic effect of phenformin, liposomes were
functionalized with antibodies against CD147, a biomarker of
several tumors.[39–41] Besides that, with these immunoliposomes,
we intended to inhibit CD147 function. Therefore, we designed
and created a new therapeutic approach based on anti-CD147 li-
posomes carrying phenformin to target lung cancer.

Before the development and evaluation of the efficacy of
functionalized anti-CD147 liposomes carrying phenformin on

lung cancer cells, we characterized the anti-tumor effect of
phenformin and anti-CD147 Ab (i.e., Leaf Purified Anti-Human
CD147 antibody). First, we investigated whether the lung can-
cer cells respond to phenformin.[42] As we previously reported,
all cell lines exhibited high sensitivity to phenformin in a dose-
dependent manner.[32] Moreover, the IC50 values indicated that
H292 cells were slightly more sensitive to this biguanide drug
than A549 and PC-9 cells. A possible explanation for these re-
sults is the fact that H292 cell metabolism could also rely on
glutaminolysis because it was reported that these cells present
higher glutaminase activity, a metabolic enzyme which catalyzes
the conversion of glutamine into glutamate and ammonia.[43] In-
deed, it was described that cancer cells have a heavy demand for
glutamine amino-acid.[44]

To validate the anti-cancer effect of phenformin, we evaluated
its effect on A549, H292, and PC-9 3D-spheroid growth. Simi-
lar to the 2D-cell culture studies, the results showed a significant
decrease in tumor-spheroid size throughout the time. These find-
ings demonstrated that phenformin could be a suitable drug to
be included in nanoparticles because it showed a potent effect
against lung cancer cells.

Next, we assessed whether the anti-CD147 Ab could specifi-
cally target and inhibit CD147 protein at the surface of lung can-
cer cells. The data confirmed that this antibody is specific for
CD147-expressing cancer cells; however, no effects were found in
A549 and H292 cell viability and metabolism. These findings sug-
gest that this antibody does not interrupt the interaction between
CD147 and MCTs; and consequently, does not compromise their
activity. Besides its role as MCT chaperone, CD147 interacts with
different molecules playing a role in various physiological and
pathological processes, such as cell remodeling and invasion.[45]

Indeed, it is known that the interaction of CD147 with integrins
mediates cell migration and invasion.[46] Furthermore, CD147
enhances the production of MMPs and the major constituent of
the extracellular matrix, hyaluronan, in order to assist cell mi-
gration and invasion.[41,47,48] Bearing this in mind, we decided to
study the effect of anti-CD147 Ab on lung cancer cell invasion. In-
deed, a significant reduction in the invasiveness capacity of A549
WT cells was observed, contrarily to A549 CD147KO cells. Al-
though we did not find significant differences for H292 cells, it
was possible to observe a trend decrease in cell invasion for this
cell line. These data are in accordance with the Amit–Choen et al.
investigation, in which they demonstrated that the Leaf Purified
Anti-Human CD147 antibody was able to decrease the MMP-9
secretion in co-cultures of renal and breast carcinoma cell lines
with monocytic-like cell lines, suggesting that it is able to dimin-
ish cancer cell invasion.[49]

The adverse effects of conventional chemotherapeutics can
be substantially ameliorated by incorporating the desired
chemotherapeutic agent inside nanocarriers. In this regard,
we hypothesized that incorporating phenformin into liposomes
would enhance its anti-cancer effect and reduce its toxic effects,
particularly in the liver. As mentioned before, these side effects
are attributed to the fact that phenformin crosses biological mem-
branes by passive diffusion, contrarily to other biguanides that
require active transporters.[20] Although drug-loaded liposomes
have already achieved significant advances, the anti-tumor effect
of a chemotherapeutic agent can be enhanced by ligand-mediated
targeting.[33]

Adv. Biology 2023, 7, 2300080 © 2023 Wiley-VCH GmbH2300080 (9 of 12)
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In this sense, we coated liposomes with anti-CD147 antibodies
in order to augment their selectivity to CD147-expressing cancer
cells and avoid a systemic effect of phenformin. Besides that, with
these immunoliposomes, we intended to impair CD147 func-
tion. Actually, some researchers have tried to construct CD147
antibody-conjugated immunoliposomes in order to enhance se-
lective drug delivery to tumor cells. For instance, Asakura and
its collaborators constructed anti-CD147-labeled polymeric mi-
celles to encapsulate a conjugate of doxorubicin with glutathione
and they found a specific accumulation of anti-CD147 micelles
in CD147-expressing cells. Besides that, the cell death rate for
anti-CD147 micelles was ≈threefold higher than for the IgG
micelles.[50] Wang et al. developed CD147-targeted doxorubicin-
loaded immunoliposomes and they verified these nanocarriers
were able to deliver doxorubicin to CD147-overexpressing cancer
cells specifically in vitro and in vivo with higher efficacy than the
non-targeted controls.[38]

Herein, we started by preparing and investigating the anti-
cancer effect of LUVs carrying phenformin on lung cancer cell be-
havior. Interestingly, we observed that liposomes carrying phen-
formin significantly decreased 2D and 3D-A549, H292 and PC-9
cell growth, without toxic effects. Importantly, we confirmed li-
posome internalization by confocal microscopy, and we observed
a significantly reduction in A549 and PC-9 3D-spheroid size
throughout the time. Last, we validated the anti-cancer efficacy
of anti-CD147 liposomes carrying phenformin in vivo using the
CAM model. This is a useful technique for early pre-clinic in
vivo efficacy studies of potential anti-cancer treatments due to the
rapid development of the chick embryo and easy accessibility to
the CAM. In addition, the immunodeficiency of the host during
the first 18 days of development allows the implantation of tu-
mor cells without triggering an immune response. In addition,
this model has ethical advantages in comparison to several mam-
malian in vivo models because it does not require ethics com-
mittee approval for animal experimentation: the chick embryo is
unable to experience pain. Last, CAM successfully supports most
cancer cell characteristics including growth, invasion, angiogen-
esis, and remodeling of the microenvironment being an attrac-
tive option for in vivo experiments in early pre-clinical studies.[51]

Herein, this model was used to demonstrate a significant reduc-
tion of A549 tumor growth in CAMs treated with anti-CD147 lipo-
somes carrying phenformin, compared to control. Furthermore,
this treatment led to a decrease in Ki-67 proliferating cells, with
no observation of toxicity-associated alterations in the chicken
embryos.

4. Conclusion

In this study, homogeneous populations of anti-CD147 LUVs
carrying phenformin were developed to successfully decrease
CD147-overexpressing tumor cell growth. In summary, we
demonstrated the therapeutic relevance of both phenformin and
anti-CD147 Ab in a series of cancer cell behavior assays. Then,
we validated the efficacy of CD147-targeted liposomes carrying
phenformin by presenting strong evidence that they have a po-
tent anti-cancer effect in CD147-positive cells. Herein, we expect
to reveal a novel strategy to target tumor metabolism and provide
an effective therapy for lung cancer.

5. Experimental Section
Reagents: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N [maleimide(polye-
thyleneglycol)-2000] (ammonium salt) (DSPE-PEG (2000)-Maleimide)
were purchased from Avanti Polar Lipids. Cholesterol, HEPES
hemisodium salt, 2-iminothiolane (2IT), ethylenediaminetetraacetic
acid (EDTA), and phosphate buffered saline (PBS) tablets were pur-
chased from Sigma–Aldrich. 22-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino)-23,24-bisnor-5-cholen-3ß-ol (NBD cholesterol) was acquired from
Thermo Fisher Scientific.

The monoclonal Leaf Purified Anti-Human CD147 (ref. 306206 – Bi-
olegend) and Leaf Purified Mouse IgG1, k Isotype Ctrl antibodies (ref.
400124 – Biolegend) were reconstituted at a stock concentration of 2 μg
mL−1 in sterile PBS 1×. Phenformin hydrochloride (Sigma–Aldrich) was
diluted in sterile water to 200 mm stock solution. Working concentrations
were obtained by diluting these drugs in culture medium. Cell culture
medium was used as control (vehicle).

Cell Lines and Cell Culture: The human lung adenocarcinoma A549 and
PC-9 and the mucoepidermoid pulmonary H292 cell lines were purchased
from American Type Culture Collection (ATCC, Manassas, VA). A549 cell
line was previously knocked-out for CD147.[52] All cell lines were main-
tained in Dulbecco’s modified Eagle medium (DMEM) supplemented with
10% of fetal bovine serum (FBS) (Biochrom, Merck) and 1% of peni-
cillin/streptomycin (Gibco, Life Tecnologies Corporation). For normoxic
conditions, cells were incubated in a humidified atmosphere of 21% O2,
5% CO2, and 74% N2 at 37 °C. For induction of hypoxia, cells were placed
in an airtight chamber with a hypoxic gas mixture of 1% O2, 5% CO2, and
95% N2 and incubated at 37 °C. Oxygen levels were monitored using an
oxygen sensor.

Liposome Preparation and Characterization: Large unilamellar lipo-
somes (LUVs) were produced according to the thin film hydration
method followed by extrusion.[53,54] Briefly, the lipid film composed
of DPPC/DSPE-PEG-Mal/cholesterol (molar ratio of 1.85:0.15:1) or
DPPC/DSPE-PEG-Mal/cholesterol/NBD cholesterol (to enable the eval-
uation of LUVs internalization; molar ratio of 1.85:0.15: 0.82:0.18) was
formed after complete organic solvents evaporation in a rotary evapo-
rator (RV10 AUTO, IKA). The hydration of the dried lipid film was per-
formed with HEPES buffer (pH 7.4, 10 mm) or with a HEPES buffered
solution of phenformin at ≈42 °C. The resulting mixture in the presence
of glass beads was vortexed to produce multilamellar liposomes (MLVs).
Afterward, MLVs were extruded at ≈42 °C using an Avanti Mini-Extruder,
forty-three times through polycarbonate filters of 0.1 μm pore diameter, to
originate LUVs.

For LUVs functionalization, first anti-CD147 antibodies were thiolated
by their incubation with a 100-fold molar excess of 2IT in the presence
of 5 mm EDTA (to avoid the oxidation of thiol groups) in PBS (pH 8.0)
for 1 h at room temperature (RT).[55] Then, a dialysis (Micro Float-A-
Lyzer, MWCO: 3.5-5 kDa) was performed to remove the excess of 2IT. As
thiol groups have a rapid rate of recyclization, the buffer replacement was
performed each 15–20 min during a period of time less than 4 h.[55,56]

Then, the thiolated anti-CD147 antibodies were incubated overnight at
4 °C with LUVs. Exceeding this period of time, free antibodies were re-
moved by washing LUVs twice with HEPES buffer using Vivaspin 300 kDa
Filter Units (Fisher Scientific). This procedure was also performed to
eliminate the non-encapsulated phenformin. The concentration of phen-
formin entrapped into LUVs was evaluated after liposomes dissolution
in ethanol (dilution factor equal to or greater than 2.5). The absorbance
of the resulting solution was measured at 236 nm using Standard UV–
vis photospectrometry equipment (UV-1601, Shimadzu). The concentra-
tion of liposomes and phenformin was adjusted to obtain in 1 or 2 mm
of phospholipids and 500 or 1000 μm. The quantitative determination of
phospholipids was performed using the Bartlett method.[57,58] The ab-
sorbance of the blue colored complex was acquired at 830 nm using a mi-
croplate reader (Synergy HT, BioTek). The size, polydispersity index (PDI),
and zeta-potential of LUVs suspensions (500 μm phospholipids) were as-
sessed using dynamic light scattering (DLS) and laser Doppler micro-
electrophoresis, respectively, at 37.0 °C ± 0.1 °C. Disposable polystyrene
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cuvettes and a dip cell were used to perform DLS and zeta-potential de-
terminations, respectively, in a Zetasizer Nano ZS equipment (Malvern
Instruments).

Western Blot: Approximately, 1 × 106 A549 WT, A549 CD147−/−,
and H292 were seeded per standard T25cm2 flask and allowed to ad-
here overnight. Cells were incubated in normoxic or hypoxic conditions
for 24 h. Afterward, cells were homogenized in lysis buffer with pro-
tease/phosphatase inhibitors (Roche) for 15 min; and then, centrifuged at
13 000 rpm for 15 min at 4 °C. The supernatants were collected and total
protein was quantified using the Bradford method (Sigma). Western blot
was performed as previously described by the authors’ group.[59] Mem-
branes were incubated overnight at 4 °C with the following primary anti-
bodies: anti-CD147 (1:500, ref: 306202, Biolegend), anti-MCT1 (1:500, ref:
sc-365501, Santa Cruz Biotechnology), anti-MCT4 (1:300, ref: sc-376465,
Santa Cruz Biotechnology), and anti- 𝛽-Actin (ref: 1:50, sc-8432, Santa
Cruz Biotechnology). Afterward, membranes were incubated with a goat
anti-mouse IgG-HRP secondary antibody (1:5000, ref: sc-2031, Santa Cruz
Biotechnology) for 1 h at RT. Bound antibodies were visualized by chemilu-
minescence (SuperSignal West Femto kit, Thermo Scientific). 𝛽-Actin was
used as loading control.

Immunofluorescence: A549 WT and CD147−/−(8× 104/well) and H292
cells (5 × 104/well) were seeded on glass coverslips placed into 12-well
plates and allowed to adhere overnight. After 24 h in normoxic or hypoxic
conditions, cells were fixed and permeabilized with cold methanol during
20 min at RT; and then, blocked with 5% of bovine serum albumin (BSA)
for 30 min. Slides were incubated overnight at RT with the following pri-
mary antibodies: anti-CD147 (1:400, ref: 306202, Biolegend), anti-MCT1
(1:400, ref: ab3538P, Chemicon), anti-MCT4 (1:400, ref: sc-376465, Santa
Cruz Biotechnology), and Purified Mouse IgG1, k Isotype Ctrl antibodies
(1:400, ref: 400 124, Biolegend) diluted in 5% BSA. After washing, slides
were incubated for 1 h at RT with the following secondary antibodies: Alexa
Fluor 594 goat anti-mouse (ref: A11032), Alexa Fluor 488 goat anti-mouse
(ref: A11001), and Alexa Fluor 568 goat anti-rabbit (ref: A11011) (1:400,
Life Technologies). Nuclei were stained with DAPI and images were ob-
tained with a fluorescent microscope (Olympus BX16), using the Cell P
software.

Cell Viability Assay: Cells were plated at an initial concentration of 8 ×
103 (A549 WT and CD147−/−), 1 × 103 (PC-9), or 5 × 103 (H292) per well
into 96-well plates and allowed to adhere overnight. Cells were incubated in
DMEM 1% FBS without or with phenformin (0.01-4 mm), isotype ctrl (10–
1000 ng mL−1), and anti-CD147 antibodies (100–300 ng mL−1) or with
LUVs (1–8 mm) and LUVs carrying phenformin (1 mm). After 24, 48, or
72 h of incubation, cell viability was evaluated through the Sulforhodamine
B Assay (SRB; TOX-6, Sigma–Aldrich) according to the manufacturer’s in-
structions and as previously described.[59] All results were normalized to
the respective controls.

Extracellular Lactate Measurements: A549 and H292 were seeded in
48-well plates at a density of 1.2 × 104 and 1 × 104 cells per well, re-
spectively, and allowed to adhere overnight. Cells were incubated with
DMEM 10% FBS supplemented with isotype ctrl/anti-CD147 antibodies
(50–300 ng mL−1) or with LUVs carrying or not phenformin (1 mm) under
normoxic and hypoxic conditions for 24 h. Lactate content was analyzed in
the cell culture supernatant using a commercial kit (Spinreact), as previ-
ously described.[59] Results were expressed as total μg per total biomass.
Total biomass was assessed through the SRB assay.

3D Cultures: Single cell suspensions of 5 × 103 A549 and H292 cells
were seeded per well on agarose-coated 48-well plates. PC-9 (4 × 103) cell
suspensions were placed in poly-2-hydroxyethylmethacrylate (poly-HEMA)
coated U-bottom 96-well plates. Plates were centrifuged at 1200 rpm for
10 min and incubated in a 37 °C, 5% CO2 incubator. After 5 days, spheroids
were incubated with DMEM 10% FBS without or with phenformin (1–
2 mm), LUVs carrying or not carrying phenformin (1 mm) or anti-CD147
LUVs carrying phenformin (1 mm) diluted in DMEM 10%FBS. Spheroid
morphology was observed along time and images were collected using
the Olympus IX51 microscope or the Olympus S2916 stereomicroscope
equipped with a digital camera (Olympus DP71). Tumor spheroid area was
determined using the ImageJ software. For the internalization studies, an
immunofluorescence analysis was performed after 10 days of treatment

and images were taken at the Olympus FLUOVIEW FV1000 confocal laser
scanning microscope.

Cell Invasion Assay: This assay was performed using spheroids pre-
pared as previously mentioned. After 5 days, spheroids were transferred
into 96-well plates and incubated with 300 ng mL−1 of anti-CD147 Ab di-
luted in matrigel. Spheroid morphology was observed along time and im-
ages were collected using the Olympus IX51 microscope. The spheroids
area and spheroids invaded area were determined using the ImageJ soft-
ware.

Chicken Chorioallantoic Membrane (CAM) Assay: CAM assay was per-
formed as previously described.[60] Briefly, on the 9th day of embryo de-
velopment, 2 × 106 of A549 cells (in 10 μL of matrigel) were injected
into the CAM. After 4 days, tumors were treated with the vehicle (DMEM
10%FBS), 2 mm of LUVs or 2 mm of anti-CD147 LUVs carrying 1000 μm of
phenformin. At day 17 of embryo development (endpoint), only live em-
bryos/eggs were included in the analysis. There was no apparent embryo
toxicity as a result of the tumor implantation procedure. Tumors were pho-
tographed in ovo using the Olympus S2916 stereomicroscope equipped
with a digital camera (Olympus DP71). CAMs and tumors were dissected,
fixed in 3.7% paraformaldehyde, and photographed ex ovo. Tumor perime-
ter was measured using the Image J software.

Immunohistochemistry: Histological slides of A549 tumors implanted
on CAMs were subjected to immunohistochemistry using a polymer sys-
tem (UltraVision ONE Detection System: HRP Polymer Lab Vision Cor-
poration, Fremont, Ca.). Briefly, deparaffinized and rehydrated slides were
incubated with 10 mm citrate buffer (pH 6.0) for 15 min in a microwave at
600 W for antigen retrieval. Then, the sections were incubated overnight
at RT with a primary anti-Ki-67 antibody (1:100, ref: 350501 Biolegend).
The immune reaction was visualized using 3,3’-Diamonobenzidine (DAB,
UltraVision Quanto HRP) as chromogen, and tumor tissue sections were
counterstained with hematoxylin. Stained slides were evaluated and pho-
tographed using a bright field microscope Olympus BX61. The number of
Ki-67 positive cells was counted based on four different images from the
same slide.

Statistical Analysis: Results are expressed as the mean ± standard er-
ror of the mean (SEM) of at least three independent experiments. Normal-
ity and homoscedasticity were evaluated with Shapiro-Wilk’s and Levene’s
tests, respectively. An unpaired or paired-sample t-test was carried out to
analyze differences between unrelated or related groups, respectively, and
for multiple comparison analyzes, a two-way ANOVA post-hoc Sidak’s test
was applied. All analyses were performed with GraphPad Prism (Graph-
Pad Prism software, Inc., version 6), and statistically significant differences
were considered when p-values were lower than 0.05.
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